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ABSTRACT
We demonstrate that baryonification algorithms, which displace particles in gravity-only
simulations according to physically-motivated prescriptions, can simultaneously capture the
impact of baryonic physics on the 2 and 3-point statistics of matter. Specifically, we show
that our implementation of a baryonification algorithm jointly fits the changes induced by
baryons on the power spectrum and equilateral bispectrum on scales up to k = 5hMpc−1 and
redshifts 0 ≤ z ≤ 2, as measured in six different cosmological hydrodynamical simulations.
The accuracy of our fits are typically ∼ 1% for the power spectrum, and for the equilateral
and squeezed bispectra, which somewhat degrades to ∼ 3% for simulations with extreme
feedback prescriptions. Our results support the physical assumptions underlying baryonifica-
tion approaches, and encourage their use in interpreting weak gravitational lensing and other
cosmological observables.
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1 INTRODUCTION
Despite large efforts of the scientific community, the nature of dark
energy and darkmatter remains elusive. Even if the standardΛCDM
model has successfully passed many independent tests in the last
decades, recent tensions in the estimated values of the Hubble con-
stant and in the amplitude of the linear fluctuation have been pointed
out as a possible window to physics beyondΛCDM (e.g. Verde et al.
2019; Wong et al. 2020). To successfully solve these tensions, it is
paramount that current and upcoming cosmological surveys ex-
tract the maximum amount of cosmological information at the low
redshifts, where dark energy and dark matter are more accessible
(Planck Collaboration et al. 2018; Troxel et al. 2018; Benitez et al.
2014; Laureijs et al. 2011; DESI Collaboration et al. 2016; Aihara
et al. 2018). For many observables and statistics, the limiting fac-
tor will be the predictability and accuracy of theoretical models
employed to analyse the data.
For the case of next-generation weak lensing surveys, the
largest theoretical uncertainty is given by baryonic physics – gas
cooling, star formation, and feedback, for instance, modify signif-
icantly the total mass distribution in the universe in a way that is
? E-mail:giovanni_arico001@ehu.eus (GA)
not possible to accurately predict from first principles. On the other
hand, if these baryonic processes are modelled appropriately, then
we could extract more cosmological information, and possibly also
constrain astrophysical processes.
A promising approach to incorporate the baryonic effects in
models for the cosmic density field is baryonification (Schneider &
Teyssier 2015; Schneider et al. 2019; Aricò et al. 2020). Briefly,
these algorithms, a.k.a. baryon correction models (BCM), dis-
place particles in gravity-only simulations according to physically-
motivated recipes designed to mimic the effects produced by
baryons in the Large Scale Structure (LSS) of the universe. This
method has been extensively tested against many hydrodynamical
simulations, and it is shown to be very accurate in capturing the
changes induced by baryons on the power spectrum (Schneider
et al. 2020; Aricò et al. 2020).
In general, baryons are expected to modify the full density
field and thus the whole hierarchy of N -point functions, not only
the power spectrum. Indeed, Foreman et al. (2019) recently showed
that baryonic effects on the bispectrum of hydrodynamical simula-
tions are present, and that they carry extra information with respect
to the power spectrum. Given the simplifications and assumptions
of baryonification methods – e.g. spherically symmetric displace-
ments, dependences on halo mass, and neglected physical processes
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– it is unclear whether they would be able to consistently model
baryonic effects on the power spectrum and bispectrum.
Exploring the predictions of baryonification for the bispec-
trum is an important topic since it could highlight the pitfalls of
the method or, instead, could support the correctness of the whole
approach. Additionally, this comparison would represent an inde-
pendent test of the method since higher-order statistics were never
employed in the formulation of the baryonification algorithm.
Motivated by these findings, in this paper we extend the analy-
sis of the baryonification algorithm presented in Aricò et al. (2020)
(hearafter A20), and here revisited, to the bispectrum. First, we ex-
tend the model to account for gas that has been reaccreted by halos,
and then show how different model parameters change the power
spectrum and bispectrum. Then, we show that our baryonification
implementation can simultaneously reproduce, to better than 3%,
the power spectrum and bispectrum measured in six state-of-the-art
hydrodynamical simulations at k ≤ 5hMpc−1 and at z ≤ 2. We
furthermore explore the impact that the different components of the
model, e.g. central galaxy, ejected gas and back-reaction onto dark
matter, have on the matter bispectrum.
This paper is structured as follow: in §2 we describe our nu-
merical simulations, while in §3 we present our methodologies for
baryonic and cosmology modelling of the density field. In §4 we
discuss the impact of baryons in the bispectrum, whereas in §5
we show our fits to the hydrodinamical simulations. We give our
conclusions in §6.
2 NUMERICAL SIMULATIONS
In this work we use the same suite of N -body simulations used in
A20. We refer the reader to it for further details, and here we only
provide a brief description.
Our gravity-only simulationswere carried outwith l-gadget-
3 (Angulo et al. 2012), a modified version of gadget (Springel
2005). We employ simulations of box sizes: L=64, 128, and
256 h−1Mpc containing 1923, 3843, 7683 particles, respectively.
We adopt the Nenya cosmology, as defined by Contreras et al.
(2020): Ωcdm = 0.265, Ωb = 0.050, ΩΛ = 0.685, H0 = 60
km s−1 Mpc−1,ns = 1.010,σ8 = 0.90, τ = 0.0952,
∑
mν = 0,
w0 = −1, and wa = 0. These parameters are optimal to rescale
them to a large range of cosmologies (Contreras et al. 2020; Angulo
et al. 2020). To test the accuracy of this rescaling, we will consider
two additional simulations of 512h−1Mpc and 15363 particles: one
adopting the Nenya cosmology, and the other a massless neutrino
Planck cosmology (Planck Collaboration et al. 2018) 1.
The initial conditions of all our simulations were computed
with the “fixed and paired” technique described in Angulo &
Pontzen (2016), thus their cosmic variance is heavily suppressed.
To compute the statistics of the density field, we use catalogue of
simulation particles, selected homogeneously, diluted by a factor of
43. If not specified otherwise, our results will be computed with our
L=256 h−1Mpc simulation, with which we expect our results to be
converged to about 2% for both bispectrum and power spectrum, as
Appendix A shows.
1 Ωcdm = 0.261, Ωb = 0.049, ΩΛ = 0.699, H0 = 67.66
km s−1 Mpc−1, ns = 0.966, σ8 = 0.81, τ = 0.0561,
∑
mν = 0,
w0 = −1, wa = 0.
2.1 Measurement of power spectra and bispectra
Considering an overdensity field in Fourier space δ(k), we define
the power spectrum as
〈δ(k1)δ(k2)〉 ≡ (2pi)3δD(k1 + k2)P (k1) (1)
and the bispectrum as
〈δ(k1)δ(k2)δ(k3)〉 ≡ (2pi)3δD(k1+k2+k3)B(k1, k2, k3), (2)
where 〈...〉 denotes the ensemble average and δD is theDirac’s delta.
To reduce the dependence of the bispectrum on the power spectrum
and cosmology, we will mostly consider the reduced bispectrum
(Scoccimarro 2000; Sefusatti & Komatsu 2007), defined as
Q(k1, k2, k3) ≡ B(k1, k2, k3)
P (k1)P (k2) + P (k2)P (k3) + P (k1)P (k3)
.
(3)
We will mostly focus on the equilateral configuration, k1 =
k2 = k3, since it is expected to contain the most independent
information from the power spectrum. In this case, Eq. 3 is reduced
to:
Q(k) =
B(k)
3P (k)2
. (4)
We measure the bispectrum using bskit (Foreman et al.
2019)2, an extension of nbodykit (Hand et al. 2018) which uses
a Fast Fourier Transform (FFT)-based bispectrum estimator (Scoc-
cimarro 2000). Both the bispectrum and the power spectrum are
measured in two interlaced grids (Sefusatti et al. 2016) employ-
ing a triangular shaped cloud mass assignment scheme. The shot
noise contribution is estimated as 1/n¯ for the power spectrum, and
as 1/n¯2 + 1/n¯[P (k1) + P (k2) + P (k3)] for the bispectrum, and
subtracted. Finally, we have rebinned all the measurements in 25
logarithmic bins over the interval [0.1, 5.0]hMpc−1. Additionally,
when measuring the clustering on small scales, we use the “folding”
technique (Jenkins et al. 1998; Colombi et al. 2009), described in
Appendix B, which reduces CPU and memory usage.
We will compare our results against the power spectra and bis-
pectra from a number of cosmological hydrodynamical simulations,
as measured by Foreman et al. (2019)3. Specifically, we use four
state-of-the-art hydrodynamical simulations: BAHAMAS 4 (Mc-
Carthy et al. 2017, 2018), EAGLE 5 (Schaye et al. 2015; Crain et al.
2015; McAlpine et al. 2016; Hellwing et al. 2016; The EAGLE
team 2017), Illustris 6 (Vogelsberger et al. 2013, 2014a,b; Sijacki
et al. 2015), and Illustris TNG-300 7 (Springel et al. 2018; Pillepich
et al. 2018; Nelson et al. 2018; Naiman et al. 2018; Marinacci et al.
2018; Nelson et al. 2019). In the case of BAHAMAS, we consider
two additional AGN feedback calibrations, dubbed as “low-AGN”
and “high-AGN”: in the first one the temperature at which the AGN
is activated is lower and thus the AGN feedback is weaker; whereas
in the latter AGN feedback is stronger with respect to the standard
run.
2 https://github.com/sjforeman/bskit
3 https://github.com/sjforeman/hydro_bispectrum
4 http://www.astro.ljmu.ac.uk/~igm/BAHAMAS/
5 http://icc.dur.ac.uk/Eagle/
6 https://www.illustris-project.org/
7 https://www.tng-project.org
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Figure 1. Baryonic effects at z = 0 on the power spectrum (left panel), equilateral bispectrum (central panel) and reduced bispectrum (right panel), measured
in 6 hydrodynamical simulations: BAHAMAS (standard, low and high AGN), EAGLE, Illustris and Ilustris TNG-300. We display the ratio of S = {P,B,Q}
estimated in the full hydrodynamical simulation to that in their respective gravity-only counterpart.
Figure 2. Density profiles of gas (blue diamonds) and stars (orange circles) as measured in the Illustris TNG-300 simulation, at z = 0. Each panel shows a
different mass bin: 1013.5−1014 h−1M (left panel), 1014−1014.5 h−1M (central panel), and 1014.5−1015 h−1M (right panel). The baryonification
model that best fits simultaneously the three density profiles is shown as blue and orange shaded bands for gas and stars, respectively. The different gas and
stellar subcomponents are displayed with different line styles, according to the legend. Note that the reaccreted gas density is consistent with zero, thus not
appearing in the plot.
In Fig. 1 we show the baryonic effects on the power spectrum,
bispectrum, and reduced bispectrum. We display the ratio of the
clustering measured in the full hydrodynamical simulations to that
in their gravity-only counterparts. Different colours show the results
for different simulations, as indicated by the legend.
We see that the amplitude of baryonic effects considerably
varies among simulations, in both power spectra and bispectra. In
particular, Illustris and Bahamas high-AGN show the strongest sup-
pression in both these statistics, likely due to their strong Supernovae
and AGN feedback. On the contrary, EAGLE and Illustris TNG-300
show the smallest baryonic effects also likely related to their com-
paratively weak feedback in massive halos. We highlight that both
of these simulations display an enhancement of the bispectrum at
k ≈ 2 − 3hMpc−1, which has been linked to the presence of
late-time reaccreted gas by Foreman et al. (2019). We will test this
hypothesis with our baryonification framework later on.
Interestingly, whereas baryons can either suppress or enhance
the gravity-only bispectrum, they appear simpler in the reduced
bispectrum: baryons always enhance Q(k) on small scales. Quali-
tatively, there seems to be a clear correlation between the baryonic
effects in the power spectrum and bispectrum. However, this cor-
relation is not perfect: Illustris and BAHAMAS high-AGN show
MNRAS 000, 1–14 (2020)
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Figure 3. Accuracy of the cosmology-rescaling algorithm when used with
a baryonification procedure. [Upper panel:] Ratio of the baryonified and
gravity-only mass power spectra and reduced bispectra at z = 0. Symbols
show the results using a simulation adopting the Planck cosmology, whereas
lines indicate the results using a simulation rescaled to the same Planck cos-
mology. We provide results for 4 baryonification models roughly consistent
with the effects expected in BAHAMAS (red), EAGLE (brown), Illustris
(green) and Illustris TNG-300 (blue) models. [Lower panel:] Difference
between the baryonic effects measured in the target and scaled simulation
shown in the upper panels. The grey shaded band marks a discrepancy of
3%.
similar effects on the reduced bispectrum, but the effects on the
power spectrum are clearly different 8. In the next sections we will
explore whether baryonification methods can successfully describe
all these features at high precision.
3 MODELLING OF THE DENSITY FIELD
Given a particle field in a gravity-only (GrO) N-body simulation,
we can obtain the mass field in arbitrary cosmologies and baryonic
scenarios by manipulating the positions and masses of the particles.
To do so, we use the framework described in A20, which we recap
next.
We first apply a “cosmology rescaling” to obtain a simulation
at a desired cosmological parameter set (Angulo&White 2010). For
this, we scale the lengths, masses and time (by selecting different
snapshots) of our simulation in order to match the amplitude of
the linear density fluctuation of another cosmology. This technique
has been extensively tested (Ruiz et al. 2011; Renneby et al. 2018;
Mead & Peacock 2014a,b; Mead et al. 2015; Angulo & Hilbert
8 However, note that Illustris simulates a box less than 75h−1Mpc, thus
their results could be affected by cosmic variance and lack of long wave-
modes. As showed in Appendix A, massive haloes contribute to baryonic
effectsmore in the bispectrum than in the power spectrum.As a consequence,
the reduced bispectrum measured in relatively small boxes is suppressed at
small scales with respect to larger boxes.
Figure 4. Modifications to the matter power spectrum (upper panels), and
reduced bispectrum (lower panels) at z = 0 caused by baryons, as predicted
by our baryonification algorithm with parameters mimicking the effects
expected in the Illustris TNG-300 simulations. The total baryonic effect is
decomposed into the contribution of each component, namely ejected gas,
galaxies, hot bound gas, reaccreted gas, and dark matter, according to the
legend.
2015; Zennaro et al. 2019; Contreras et al. 2020) providing a <
3% accuracy in the matter power spectrum and 5% in the matter
bispectrum up to k ∼ 5h−1Mpc (Contreras et al. 2020, Zennaro et
al. in prep), over a broad range of cosmologies, even beyond-ΛCDM.
Note we expect a higher accuracy for the ratio of baryonified over
gravity-only outputs, as we will show later.
We then apply a “baryonification” algorithm to further dis-
place the particles of the simulation, and mimic the effect of differ-
ent baryonic components. In A20, each halo was assumed to have
four components: dark matter, a central galaxy, bound gas, and ex-
pelled gas. In this work, we additionally model satellite galaxies
and late-time reaccreted gas, which we describe in detail in the
next subsection. The density profiles of all these components are
parametrised with physically motivated functional forms, whereas
the GrO halo density profile is modelled with as a NFW profile
(Navarro et al. 1997). Once we have the initial and the “baryonic”
density profiles, we compute a displacement field which, applied to
the halo particles, distorts their distributions accordingly.
3.1 Updates of the baryon correction model
One of the main advantages of the baryon correction model is its
extremeflexibility, which allows us tomakemodifications or include
new physics according to various possible scenarios. In this work,
we have implemented in the model of A20 the following four main
updates:
• The adoption of a more flexible functional form for the bound
gas;
• The inner slope of the power-law in the central galaxy is a new
free parameter;
• The modelling of a satellite galaxies component;
MNRAS 000, 1–14 (2020)
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• The inclusion of a late-time reaccreted gas component;
We find that the parametrisation of the bound gas density shape
used in Schneider & Teyssier (2015); Aricò et al. (2020) is not
flexible enough to match the profiles measured in a wide range of
halo masses of hydrodynamical simulations. We therefore use here
a more flexible shape, with an explicit dependence on the halo mass.
The shape of the bound gas now reads:
ρBG(r) =
y0
(1 + r/rinn)βi
1
(1 + (r/rout)2)2
(5)
where y0 is a normalisation factor, obtained by imposing∫ r200
0
dr4pir2ρBG(r) = fBGM200. The profile is a double power-
law with two characteristic scales, rinn and rout, defining where the
slope changes at small and large radii, respectively. We define the
inner radius rinn = θinn × r200 and rout = θout × r200, with θinn
and θout being free parameters of the model. The gas inner slope
explicitly depends on halo mass as βi = 3 − (Minn/M200)µi ,
with the characteristic massMinn and µi as free parameters. After
checking the small impact that µi has on both power spectrum and
bispectrum, we have fixed its value to µi = 0.31, in agreement to
the Model A-avrg in Schneider et al. (2019).
This profile is similar to that in Schneider et al. (2019), with
the main difference being that in our model the bound gas perfectly
traces the dark matter on scales beyond rout and the ejected gas
decay exponentially, whereas Schneider et al. (2019)models a single
gas component, with the slope at large radii as a free parameter.
The central galaxy density profile is given by
ρCG(r) =
y0
Rhrαg
exp
[
−
(
r
2Rh
)2]
, (6)
where y0 is found imposing
∫ r200
0
d3ρCG(r) = fCGM200, the half-
mass radius is Rh = 0.015 × r200 and αg , the inner slope of the
central galaxy, is a free parameter of the model, with a fiducial value
αg = 2.
In addition to the central galaxy, we add the stellar component
of satellite galaxies. Stellar mass is, to a good approximation, col-
lisionless and thus a good tracer of dark matter. For this reason we
model the contribution of satellite galaxies as the dark matter. The
dark matter back-reacts to the baryonic potential well, and therefore
the satellite galaxies, being a linearly biased tracer of the dark mat-
ter, are quasi-adiabatically relaxed. We refer the reader to A20 for
the details of the implementation of the back-reaction mechanism.
Motivated by the hypothesis of Foreman et al. (2019), who sug-
gested the presence of an overdensity of gas reaccreted at late times
to explain themaximum in the bispectrum around k ≈ 2.5hMpc−1
in the Illustris TNG-300 simulation, we added to our model a new
gas component, which mimics such gas overdensity.We assume this
new component to be Gaussian shaped:
ρRG(r) =
y0√
2piσr
exp
[
− (r − µr)
2
(2σr)2
]
, (7)
where y0 = fRGM200/
∫ r200
0
4pir2ρRG(r)dr.
For simplicity, we assume the gas overdensity to have a fixed
spatial distribution in terms of the halo virial radius,µr = 0.3×r200
and σr = 0.1 × r200, and after checking that our main results are
not affected by this choice. We let free instead the mass fraction,
fRG, as explained in what follows.
All the density profiles of the baryon correction model are
Figure 5. Upper panel: Baryon suppression of the matter power spectrum
at z = 0, when applying the baryon correction model to haloes smaller than
1013h−1M (green dotted line), between 1013 − 1014h−1M (brown
solid line), 1014 − 1015h−1M (golden dashed line) and to all the haloes
(blue dots) of our 512h−1Mpc simulation. Lower panel: Same as the
upper panel, but for the ratios between baryonic and gravity-only results in
the reduced bispectrum.
normalised toM200, with the abundance of each component deter-
mined by its respective mass fraction. The dark matter fraction is
fixed by cosmology, fDM = 1− Ωb/Ωm.
The central galaxy fraction is given by an abundance-matching
parametrisation (Behroozi et al. 2013):
fCG(M200) = 
(
M1
M200
)
10g(log10(M200/M1))−g(0), (8)
g(x) = − log10(10αx + 1) + δ
(log10(1 + exp(x)))
γ
1 + exp(10−x)
. (9)
We use the best-fitting parameters at z = 0 given by Kravtsov
et al. (2018), along with the redshift dependence given by Behroozi
et al. (2013), both reported in Appendix A of A20 and not included
here for the sake of brevity.
Satellite and central mass fractions have the same parametric
form, and their parameters are assumed to be linearly dependent
e.g. M1,sat(z = 0) = αsatM1,cen(z = 0), with αsat as a free
parameter of themodel, similar to the approach ofWatson&Conroy
(2013).
The halo gas mass fraction, defined as the sum of the bound
gas and the reaccreted gas, is
fHG(M200) = fBG + fRG =
Ωb/Ωm − fCG − fSG
1 + (Mc/M200)β
, (10)
MNRAS 000, 1–14 (2020)
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with Mc and β free parameters, and fCG, fSG, the central and
satellite galaxymass fractions, respectively. The reaccreted gasmass
fraction is
fRG(M200) =
Ωb/Ωm − fCG − fSG − fHG
1 + (Mr/M200)βr
=
= fHG
(Mc/M200)
β
1 + (Mr/M200)βr
, (11)
withMr as a free parameter and βr fixed for simplicity to βr = 2.
Finally, the bound and ejected gas mass fractions are set by
mass conservation:
fBG = fHG − fRG; (12)
fEG = Ωb/Ωm − fCG − fSG − fHG. (13)
As an example, we show in Fig. 2 how this updated model
is able to reproduce at the same time the gas and stellar den-
sity profiles measured in three different halo mass bins of Illus-
tris TNG-300, [1013.5− 1014]h−1M, [1014, 1014.5]h−1M and
[1014.5, 1015]h−1M. Note that here our reaccreted mass fractions
are consistent with zero, thus not appearing in the plot.
3.2 Accuracy of cosmology rescaling and baryonification in
the bispectrum
InA20we showed that applying a baryonification algorithm together
with a cosmology-rescaled simulation leaded to percent-accurate
results in the power spectrum. We now perform an analogous test
to validate the performance of the updated model and extend the
analysis to the bispectrum.
In Fig. 3 we compare the baryonic effects on the power spec-
trum and reduced bispectrum as measured in a simulation carried
out with a Planck cosmology and a simulation carried our with a
Nenya cosmology and then rescaled to a Planck cosmology (c.f.
§2). These two cases are denoted as target and scaled, respectively,
and displayed by symbols and lines as indicated by the legend.
We display 4 different baryonification parameter sets, chosen
to roughly reproduce the clustering of EAGLE, Illustris, Illustris
TNG-300 and BAHAMAS. We can see that the difference between
applying the BCM on top a rescaled or target simulation is less than
1% in the power spectrum and less than 3% in the reduced bispec-
trum. We show these results only for z = 0, but we have explicitly
checked that at higher redshifts we obtain similar outcomes.
We note that the initial conditions of the target simulation were
not set to match that of the simulation we scale, nor its volume have
been chosen to match the volume of the rescaled simulation (which
could have increase the agreement further). Nevertheless, the errors
we obtain are comparable to our target accuracies for reproducing
the baryonic effects on the power spectrum and bispectrum.
4 IMPACT OF BARYONS ON THE BISPECTRUM
In this section we systematically explore the effects that the various
baryonic components, and the free parameters associated to them,
produce on the clustering.
We first isolate the effect of each baryonic component by se-
lecting them one-by-one and considering all the others collisionless
(thus behaving like dark matter). As shown in Fig. 4, we find that,
in agreement with Schneider & Teyssier (2015); Aricò et al. (2020),
the ejected gas largely dominates the suppression in the power spec-
trum, despite its low mass fraction. Interestingly, the ejected gas
shows the largest effect also in the reduced bispectrum, but in this
case it causes an enhancement of the power at all scales.
As an qualitative explanation, let us consider two overdensity
fields, δBCM and δGrO. Assuming that one is suppressed with re-
spect to the other, δBCM = (1 − α)δGrO, it is easy to show that
the ratios between their power spectra and equilateral bispectra are
PBCM/PGrO = (1− α)2, and BBCM/BGrO = (1− α)3, respec-
tively. Therefore, the reduced bispectrum ratio is QBCM/QGrO =
(1 − α)−1. In other words, we observe an enhancement of the
reduced bispectrum because the suppression in the bispectrum
is smaller than the squared suppression of the power spectrum.
The other components are, in this particular setting of the BCM
which roughly mimics the BAHAMAS simulation, subdominant,
contributing to about 2% in the power spectrum and reduced bis-
pectrum. The reaccreted gas, in particular, causes an enhancement
at small scales in both the power spectrum and reduced bispectrum.
It is interesting to explore which halo masses contribute the
most to the baryonic effects on clustering. In order to answer this
question, we have split the halo catalogue of our simulation in differ-
ent mass bins, and then we have applied our BCM separately to each
of them. In Fig. 5 we show how haloes between 1013−1014h−1M
contribute more than 50% of the effect on the power spectrum at
small scales. Haloes of 1014 − 1015h−1M are dominant at large
scales in the power spectrum, whereas at the small scales, slightly
smaller haloes contribute more. Haloes with M < 1013h−1M
and M > 1015h−1M contribute for less than 2% percent, and
only at small scales.
The relative contribution of halos of different mass slightly
changes in the case of the reduced bispectrum. The dominant
contribution is still from haloes of 1013 − 1014h−1M, but the
relative impact of the most massive haloes in the simulation
(M > 1015h−1M) is not as small as for the power spectrum.
The fact that the bispectrum is more sensitive to the largest haloes is
not surprising (see e.g. Foreman et al. 2019), and has as a practical
outcome the slower convergence of the bispectrum with simulated
volume compared to that of power spectrum, which we investigate
in Appendix A.
We quantify now the impact of the free parameters in the power
spectrum and reduced bispectrum. To do so, we vary each parameter
one by one, while keeping the others fixed to the value that best fits
the BAHAMAS (standard AGN) simulation, described in §5. The
intervals in which we vary parameters, in log10, are the following:
Mc ∈ [9, 15], η ∈ [−0.7, 0.7], β ∈ [−1, 0.7], Mr ∈ [12, 17],
M1,z0,cen ∈ [9, 13], θinn ∈ [−2,−0.5], θout ∈ [−0.5, 0],Minn ∈
[12, 16].
Note we do not show any free parameters for satellite galaxies,
as they have a negligible impact on the matter clustering. In fact,
they are a biased tracer of the dark matter, and additionally their
mass fraction is very small. Given that the relaxation of the dark
matter contributes only for a few percent in the matter clustering, it
is easy to see why the baryonic effect caused by satellite galaxies is
negligible. Thus, we fix their values to the best-fitting of the stellar
profile of the Illustris TNG-300 simulation found in §3.1.
In Fig. 6 we display the mass power spectra, bispectra, and re-
duced bispectra obtained after applying the BCM to a GrON -body
simulation. Each panel varies a single parameter of the model while
keeping the others fixed to their fiducial value. Bluer (redder) col-
ors represent low (high) parameter values. We can see that almost
all the parameter combinations predict a suppression in the power
MNRAS 000, 1–14 (2020)
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Figure 6. Modifications to the matter power spectrum (upper panels), bispectrum (central panels) and reduced bispectrum (lower panels) at z = 0 caused by
baryons, according to our baryonification algorithm. Each column varies one of the free parameters of the model while keeping the others fixed at their fiducial
value. Parameter ranges are logMc ∈ [9, 15], log η ∈ [−0.7, 0.7], log β ∈ [−1, 0.7], logMr ∈ [12, 17], logM1,z0,cen ∈ [9, 13], log θinn ∈ [−2,−0.5],
log θout ∈ [−0.5, 0], logMinn ∈ [12, 16]. Blue to red colors denote low to high parameter values.
spectrum and an enhancement on the reduced bispectrum, at all the
scales. Specifically, by increasing η (the parameter which set the
maximum range of the AGN feedback), the suppression (enhance-
ment) of the power spectrum (reduced bispectrum) is pushed, as
expected, towards larger scales. The parameters Mc and β set the
fraction of gas which is retained in haloes of a given mass, and thus
also the mass of gas that is expelled. Therefore, is not surprising
that these parameters have a big impact on both power spectrum and
bispectrum, given that the ejected gas component is the dominant
one. Varying Mc we span a 30% range in the clustering; in par-
ticular, higher values mean that increasingly larger haloes are free
of gas, thus more ejected gas. In these cases we see, accordingly, a
larger suppression in the power spectrum and enhancement in the
reduced bispectrum.
Varying the shape of the bound gas through the parameters
θinn, θout andMinn has an impact only on small scales. Specifically,
themodel seems very sensitive to θinn, forwhichwe see a substantial
enhancement of both power spectrum and reduced bispectrumwhen
changing the inner gas slope at increasingly smaller radii. On the
other hand, the dependence onMinn looks negligible. As expected,
increasingM1,z0,cen, and thus having the peak of the star formation
at higher halo masses, results in more power at small scales.
Finally, we see that the impact of the late-time reaccreted gas is
very modest, despite we vary its mass fraction from practically zero
to a limit value of≈ 50% for some halo masses. Arguably, the effect
of this parameter in both power spectrum and reduced bispectrum,
can be absorbed by a combination of the other parameters of the
model, but might become more important on smaller scales.
We note that the models shown in Fig. 6 are just an illustrative
example, and do not encompass all the possible modifications given
by the BCM: even if the described trends would be likely similar,
changing the underlying fiducial model would result in different
amplitude and shapes of baryonic effects.
5 FITTING THE HYDRODYNAMICAL SIMULATIONS
In this section, we explore whether the BCM is able to reproduce the
impact of baryons in six different state-of-the-art hydrodynamical
simulations, namely EAGLE, Illustris, Illustris TNG-300, and three
different AGN implementations of BAHAMAS. We remind the
reader that these simulations differ in cosmology, N -body code,
sub-grid physics, box size, and observables with which they have
been calibrated. They show a difference of 30% at z = 0 in the
power spectrum and 15% in the reduced bispectrum, thus being a
good benchmark for the flexibility and realism of our model.
We fit the power spectrum and the reduced bispectrum of each
hydrodynamical simulation over the range 0.1 < k/(hMpc−1) <
5, both separately and jointly, varying seven free parameters: Mc,
η, β,M1,z0,cen, θinn, θout,Minn within the priors shown in §4. We
assume no correlation among power spectrum and bispectrum nor
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Figure 7. Measurements of the baryonic impact to the matter power spectrum, S(k) ≡ P/PGrO (upper panels), equilateral bispectrum, S(k) ≡ B/BGrO
(central panels), and reduced equilateral bispectrum, S(k) ≡ Q/QGrO (bottom panels), in different hydrodynamical simulations according to the legend
(symbols), at z = 0 (left), z = 1 (centre) and z = 2 (right). The best-fitting baryonification model constrained using only the power spectrum is displayed as
dashed lines, whereas the best-fitting model constrained on both the power spectrum and reduced bispectrum shown with solid lines. Grey vertical dotted lines
mark the scales where the estimated shotnoise contributes to > 1/3 of the clustering amplitude.
Figure 8. Best-fitting model to Illustris TNG-300 power spectrum and bispectrum, at z = 0. The contribution of the varyous baryon component are isolated
in the power spectrum (left), equilaetral bispectrum (centre) and reduced bispectrum (right). Note that the bound gas, and the back-reaction to the dark matter,
are the principale causes of the bump visible in the bispectrum at small scales.
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Figure 9. Impact of the redshifts evolution in the baryonic correction param-
eters. We have fitted the power spectra (upper panels) and reduced bispectra
(lower panels) of the hydrodynamical simulations reported in the legend
at z = 0, and then applied the same model at higher redshifts z = 1, 2,
assuming our best-fitting parameters to be redshift independent.
among the measurements at different wavenumbers. Specifically,
we use an empirical approach similarly to A20, where the covari-
ance matrix is directly estimated by the intra-data variance, giving
the same weights to power spectrum and bispectrum. We expect
the errors associated to the bispectrum ratios to be larger than the
one associated to the power spectrum (see for instance the errors
measured by Foreman et al. (2019) by dividing the hydrodynamical
simulation volume in subboxes). Nevertheless, being the purpose
of this test to asses the accuracy of the joint fit of power spectrum
and bispectrum, we avoid to give more weight to the former to not
degrade the fit of the latter.
To perform the fit, we have implemented a particle swarm op-
timisation algorithm (Kennedy & Eberhart 1995). In this algorithm,
a pack of particles efficiently searches the minimum of a function
in a given parameter space. Each particle communicates with the
others at each step, and they are attracted both to their local and the
swarm global minima, with a relative strength that can be tuned.
The velocity and position of the particles are updated in every step,
depending solely on the swarm status in the previous step. For our
application, we use a swarm of 10 particles and 250 iterations, find-
ing that an average of 100-150 steps are enough to converge to the
global minimum.
In Fig. 7 we present the main result of this paper. We show
the best BCM fits at three different redshifts, z = 0, 1, and 2. We
have marked with a grey dotted line the scales where we estimate
the shotnoise amplitude to be approximately 30% of the clustering
amplitude: k ≈ 2hMpc−1 at z = 2, and k ≈ 4hMpc−1 at z = 1.
We remind the reader that, in the cosmology rescaling process, the
box of the simulations can vary of length, and so the shotnoise
level can be slightly different. Due to the significant contribution
of shotnoise, results at small scales and high redshifts should be
interpreted carefully.
Dashed lines show the results when fitting only the power
spectrum measurements. In this case, we recover the accuracy of
1% found in A20 in the power spectrum at all scales and redshifts.
However, the baryonic impact on the bispectrum can be over- or
under-estimated by up to 20%. In contrast, when fitting the power
spectrum and bispectrum together, the accuracy of the power spec-
trum slightly degrades, but we obtain significantly better agreement
with the bispectrum.
For all redshifts and hydrodynamical simulations considered,
we obtain joint fits that are 1− 2% accurate for the power spectrum
and 3% for the bispectrum. We note that the worse performance is
obtained for the simulations with the most extreme feedback e.g.
Illustris and BAHAMAS high-AGN. In the case of BAHAMAS,
which is arguably the most realistic simulation for our purposes,
the fits describe simultaneously the baryonic effects on the power
spectrum and bispectrum to better than 1%.
These results are achieved considering the late-time reaccreted
gas fixed to zero. In particular, we note that the bump around k ≈
2− 3hMpc−1 in the bispectrum of Illustris TNG-300 and EAGLE
are correctly reproduced by the model, despite the absence of the
reaccreted gas component. To understand which BCM component
causes this enhancement of the bispectrumat small scales,we isolate
the impact of each baryon component to the clustering, similarly to
what done in § 4. This analysis, reported in Fig. 8, clearly show
that the bound gas causes an enhancement at small scales in both
power spectrum and bispectrum. Furthermore, the back-reaction of
the gas overdensity to the dark matter adds the necessary power to
reproduce correctly the measurements of the Illustris TNG-300. We
can conclude that, by simply assuming the gas as a double power-
law, the model has enough flexibility (over the range of scales we
considered) to explain the “bump” in the bispectrum measured in
Illustris TNG-300 and EAGLE.
We have repeated the fits letting free the corresponding mass
fraction, Mr , however, this did not result in noticeably improved
fits. This finding is consistent with the hypothesis that, within the
accuracy of our model and simulated data, and over the scales
considered, the reaccreted gas is not necessary to reproduce the
clustering of the hydrodynamical simulations analysed.
Finally, one could wonder what is the smallest number of free
parameters necessary to produce accurate results. In A20 it is shown
that with only 4 parameters it is possible to fit the power spectrum
at 1%, and arguably the 7-8 parameters used here are degenerate,
and effectively recastable into a model with a smaller parameter set.
We leave the exploration of degeneracies between parameters and
the finding of a minimal-model parameter set for a future work.
5.1 Redshift dependence of the baryon parameters
As already pointed out in previous works (Chisari et al. 2019; Aricò
et al. 2020), despite the baryonic parameters do not have a specific
redshift dependence, when fitting the clustering at different redshifts
they show a clear evolution. To quantify the inaccuracies obtained
by fixing the baryonic parameters, we apply the baryonification
algorithm to our simulation to snapshots that correspond to high
redshifts (z = 1, 2), using the best-fitting parameters at z = 0
found in § 5.
In Fig. 9 we show the power spectra and reduced bispectra
obtained. The error in the power spectrum is in most of the cases
below 5%, for extreme models around 7-10%. On the other hand,
the reduced bispectrum can be off of 10− 20%. These errors must
be taken into account when fixing at face value a set of baryonic
parameters in multiple redshifts.
5.2 Baryonic effects on the squeezed bispectrum
We have so far analysed, for simplicity, only the equilateral con-
figuration of the reduced bispectrum. In this section, we explore
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Figure 10. Upper panel: Measurements of the reduced squeezed bispectra
at z = 0 in EAGLE, Illustris, Illustris TNG-300, BAHAMAS, Bahamas
low-AGN and BAHAMAS high-AGN (symbols), according to the legend.
The shaded band show our prediction obtained by fitting power spectrum
and reduced equilateral bispectrum inthe two most extreme models, EAGLE
and BAHAMAS high-AGN. Lower panel: Difference between the ratios of
reduced squeezed bispectra predicted by our baryon correction model and
measured in the hydrodynamical simulations. The dashed lines show the
model parameters fitting only the power spectra of the hydrodynamical sim-
ulations, whereas the solid lines show themodel with parameters constrained
by fitting both power spectra and equilateral reduced bispectrum.
Figure 11.Upper panel: Relation between the baryonic impact on the power
spectrum at k = 1hMpc−1, defined as∆P (k)/P (k), and the halo baryon
fraction in haloes with a mass [6× 1013,2× 1014] M. The black dashed
line displays the fit provided by van Daalen et al. (2019), with the grey and
light grey shaded bands marking a 1% and 2% deviation, respectively. For
comparison, the colored stars emply the baryon fractionmeasured directly in
the hydrodynamical simulations by van Daalen et al. (2019). The coloured
symbols indicate the measurements of our baryonified simulations when
using the best-fitting values calibrated against the power spectra (circles),
and both power spectra and bispectra (diamonds). Lower panel: Same as the
upper panel, but for the reduced bispectrum. In this case, the dashed line
represents a simple linear regression of the symbols displayed.
the baryonification performance for the “squeezed” configuration,
which measures the correlation between points on isosceles trian-
gles with one side much smaller than the other two in k-space, so
that k1  k2 = k3. The squeezed bispectrum might be seen as
a “conditional” two-point correlation which quantifies the depen-
dence of small-scale nonlinearities on the large-scale background
overdensity.
It has been shown that, in some cases, the baryonic effect
on the squeezed bispectrum can be directly related to the power
spectrum at small scales, when considering a k1 long enough to
not be affected by baryonic physics (Barreira et al. 2019; Fore-
man et al. 2019). Specifically, Barreira et al. (2019) have measured
the “power spectrum response functions” in the Illustris TNG-300,
using the separate universe approach, finding that they are largely
unaffected by baryonic physics. This suggests that the information in
the squeezed bispectrum is already contained in the power spectrum,
and thus knowing the latter we can predict the former. However, as
shown in Foreman et al. (2019), the analytical predictions given
from the power spectrum response function are not always in agree-
ment with the hydrodynamical simulations, e.g. BAHAMAS. This
could be a hint that, in some cases, the response function are not
fully specified by the power spectra.
Here, we take a somewhat agnostic approach, and test if we
can predict correctly the squeezed bispectrum starting from the
information contained in the power spectrum and the equilateral
bispectrum. To do so, we apply to our gravity-only simulations a
BCM with the parameters that reproduce both the power spectrum
and reduced equilateral bispectrum for a given hydrodynamical
simulations. Then, we measure the reduced squeezed bispectrum
(k1 = k2 > k1 ∼ 0.1h−1Mpc) and compare it with those mea-
sured directly in the hydrodynamical simulations.
In Fig. 10 we show the results obtained at z = 0. First, we
can notice that, as for the case of equilateral configurations, when
considering baryon physics the reduced squeezed bispectrum is en-
hanced with respect to the gravity-only one. However, the baryonic
effects in the squeezed bispectrum are smaller than those in the
equilateral configuration – spanning a range of 2 − 7%, against a
10− 25% measured in the equilateral configuration.
We also see that our predictions for the squeezed reduced bis-
pectrum agree very well with the simulation measurements, reach-
ing a ∼ 1% accuracy in all cases. This further supports the idea
that the modifications to the density field in the barionification is
accurately capturing the three-dimensional distortions induced by
baryons, and not simply fitting an effective distortion in the power
spectrum.
For comparison, we also display in Fig. 10 the predictions
when tuning our model using only the power spectrum. As for the
equilateral bispectrum, the impact of baryons is not captured very
accurately, with discrepancies generally within 5% (EAGLE and
BAHAMAS low-AGN≤ 2%) to up to 10% (Bahamas high-AGN).
5.3 Baryon fractions in haloes
Recently, it has been shown that there is a tight correlation between
baryonic effects on the power spectrum and the baryonic fraction
inside haloes ofM ≈ 1014M (van Daalen et al. 2019). The best
fits of the baryon correction model has been shown to be able to
accurately recover such correlation, even if for large power spec-
trum suppression, which correspond to very strong AGN feedback,
it tends to underestimate the baryon fraction measured in hydrody-
namical simulation (Aricò et al. 2020).
We now explore whether adding the information on the bis-
pectrum the baryonic halo fractions become more constrained, and
additionally, whether there is a relation between reduced bispec-
trum and baryon fraction, analogous to the one found for the power
spectrum.
In Fig. 11 we show how, indeed, in the case of the BAHAMAS
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high-AGN simulation, the fit of the bispectrummarginally improves
the baryon fraction estimation. The fact that both the best-fitting
parameter set can accurately reproduce the power spectra of the
hydrodynamical simulations, but predict slightly different baryon
fractions, can be a hint of some degeneracies between parameters
which is broken when including the bispectrum information. For
the Illustris, the opposite is true: the gas fraction in clusters differs
more from its true value. This likely points to the fact that some
of the baryonification assumptions somewhat break for extreme
feedback scenarios. This could be related to gas fractions that are
not monotonic with halo mass, or that these events affect gas beyond
the boundaries of a halo (a process not included in our model). On
the other hand, we note that the gas fractions in these simulations
are in clear tension with observations which prefer values ≈ 0.6.
Regardless of the simulation, the bottom panel of Fig. 11 shows
that the baryonic effects on the reduced equilateral bispectrum cor-
relate with the baryonic fraction: the smaller the baryon fraction,
the larger the bispectrum enhancement. Remarkably, the prediction
from our model, when fitted with a simple linear regression, shows
a trend as tight as the one found in the power spectrum (1%). To
have an idea of the predictions from hydrodynamical simulations,
we infer the baryon fractions from the power spectra measurements
using the fitting function provided by van Daalen et al. (2019),
and combine them to the measurement of the reduced bispectra
enhancement. By doing so, we find that all the predictions are still
within 1%, except for BAHAMAS high-AGN, which is slightly off
but still well within 2%.
It would be very interesting to extend the analysis of vanDaalen
et al. (2019) to the bispectrum, to check if including a vast num-
ber of hydrodynamical simulations the relation still holds with a
low scatter. Nevertheless, we stress that, a priori, the BCM does
not predict a tight relation between baryon fraction and clustering.
In A20 (Fig. 8) it was shown that the baryon fraction-clustering
relation is more relaxed when considering the full BCM parame-
ters ranges. Interestingly, it seems that the calibration and subgrid
physics with which hydrodynamical simulations are run, translates
into constraints and degeneracies of the BCM parameters, and thus
constrain the baryon fraction.
6 CONCLUSIONS
In this paper, we have used a combination of cosmology scaling and
baryonification algorithms, to reproduce with a negligible compu-
tational time the density fields of various hydrodynamical simula-
tions, up to very small and non-linear scales (k = 5hMpc−1) and
for two- and three-point statistics.
Below we summarise our main findings:
• Baryonic physics causes an enhancement in the reduced equi-
lateral bispectrum at all the scales considered, roughly monotoni-
cally with the strength of the feedback mechanisms;
• It is possible to simultaneously reproduce the baryonic effects
on the power spectrum and on reduced bispectrum (with 1% and
2 − 3% precision, respectively), as measured in EAGLE, Illustris,
Illustris TNG-300, and three different AGN implementations of
BAHAMAS,
• In contrast, a baryon model tuned to only reproduce the power
spectrum, can lead to up to ∼ 20% discrepancies in the reduced
bispectrum;
• We find that a double power-law gas density profile is flexible
enough to reproduce the bump at small scales measured in the
bispectrum of some hydrodynamical simulations (see Foreman et al.
2019). It appears thus that an additionalmodelling of gas overdensity
at relatively small scales is superfluous.
• The model parameters that best fit the power spectrum and
equilateral bispectrum also predict changes to the squeezed config-
urations at the ∼ 1% level.
• The baryon parameters are not redshift independent; ignoring
their time dependence results in a 5% inaccuracy in the power
spectrum, and 10− 20% in the reduced bispectrum, up to z = 2;
• Analysing the best-fitting models to the hydrodynamical sim-
ulations, we find a correlation between baryonic effects on the bis-
pectrum and baryon fraction inside haloes, similar to the one for the
power spectrum found in van Daalen et al. (2019),
Overall, our results support the physical soundness (as well
as our specific numerical implementation) of baryonification algo-
rithms. This also encourages its use not only in spherically-averaged
2-point statistics, but also in cross-correlations and in other statistics
such as peak counts.
The next generation surveys will produce a huge amount of
data,which is only partially interpretablewith the current theoretical
models. This paper is a contribution to the effort to overpass models
based on only gravitational interactions, and fully exploit the data
up to higher-order statistics. We anticipate that our approach will be
a valid tool for a fast production of mock density fields, accurate to
very small scales and statistics of order higher than 2-point, useful
for pipeline validation, blind comparisons or for direct exploitation
of the data, e.g. marginalising over baryonic effects.
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Figure A1. Upper panel: Baryon suppression of the matter power
spectrum (left) and reduced bispectrum (right), defined as S(k) ≡
T (k)BCM/T (k)GrO for T (k) = P (k), Q(k), at z = 0. Solid, dashed,
dashed-dotted and dotted lines are computed with simulations of box side
512, 256, 128 and 64h−1Mpc and 15363, 7683, 3843 and 1923 parti-
cles, respectively. Colors are referred to different halo mass bins, expressed
in decimal logarithm of h−1M, with which the baryon corrections have
been computed, according to the legend. Lower panel: Difference in sup-
pression between a paired and fixed simulation and a single realisation, for
the four different volumes specified in the legend of the upper panel.
Figure A2. Baryon suppression of the matter power spectrum (left) and
reduced bispectrum (right), defined as S(k) ≡ T (k)BCM/T (k)GrO for
T (k) = {P (k), Q(k)}, at z = 0. Solid, dashed, dashed-dotted and dotted
lines are computed with simulations of box side 133h−1Mpc and 7683,
5123, 3843 and 2563 particles, respectively. Colours are referred to different
halo mass bins, expressed in decimal logarithm of h−1M, with which the
baryon corrections have been computed, according to the legend.
Zennaro M., Angulo R. E., Aricò G., Contreras S., Pellejero-Ibáñez M.,
2019, MNRAS, 489, 5938
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APPENDIX A: CONVERGENCE TEST
In this Appendix, we show the tests we have performed to assure that
the baryonic effects on the clusteringmeasurements have converged.
First, we test the convergence with the simulation box size.
For this, we have used our suite of simulations with 64h−1Mpc,
128h−1Mpc, 256h−1Mpc, and 512h−1Mpc of box side, with
N = 192, N = 384, N = 768 and N = 1536 cubic particles, re-
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spectively. All the simulations have same force and mass resolution,
and share the same initial conditions. For each different volume we
have run two simulations with fixed amplitude and shifted phases
as reported in §2.
In Fig. A1 we show the suppression S(k), defined as the ra-
tio between baryonified and gravity-only matter power spectra and
equilateral bispectra, measured in the four different boxes at z = 0.
We have also separated the contribution to the clustering of
different halo masses, to get more insight on the origin of the dis-
crepancies between the different boxes.As expected,we note that the
boxsize does not affect sensibly haloes ofM ≤ 1014 h−1M. How-
ever, the abundance of massive haloes (M = 1014−1015 h−1M)
varies consistently among the various boxes, leading to discrepan-
cies in the baryonic effects that are still within 1% in the power
spectrum, but slightly higher in the bispectrum (3− 4%).
In the bottom panels of Fig. A1we display the impact of using a
paired and fixed simulation against a single realisation. Also in this
case, the biggest impact is found in the bispectrum, with amaximum
of ≈ 2.5% bias when using a 64h−1Mpc box, whereas we detect
a maximum of ≈ 1% in the power spectrum. In the analysis, we
make use of a single realisation of the 256h−1Mpc box, which is
shown to be converged within 2%.
We have performed also a mass resolution test, by using four
simulationwith the same box size, 133h−1Mpc, and different num-
ber of particles: N = 2563, N = 3843, N = 5123, N = 7683
particles. Also in this case, we split the contribution of different
halo mass bins. As shown in Fig. A2, we have found that resolu-
tion effects are larger in large haloes, and their impact in the power
spectrum and bispectrum is within ≈ 2%.
APPENDIX B: FOLDING OF THE PARTICLE
DISTRIBUTION
Measuring the three-point clustering with the classical Fourier es-
timators can be very expensive in terms of memory and CPU, es-
pecially when using covering larger dynamical ranges. In fact, it is
easy to see that, being kNy = piNg/Lbox the Nyquist frequency of
the grid, increasingly large number of grid points Ng are required
to get a given accuracy at a fixed wavenumber, when using pro-
gressively larger simulation boxes Lbox. Additionally, when using
“interlacing” to suppress aliasing, the number of grids used must be
doubled (Sefusatti et al. 2016).
However, since our measurements are limited by discreteness
noise (and not cosmic variance), we can obtain accurate estimates of
Fourier statistics on small scales by folding the density field (Jenkins
et al. 1998; Colombi et al. 2009). The idea is to fold the particle dis-
tribution by re-applying the periodic boundary conditions assuming
a new boxsize L′ = L/f , where we call f the number of foldings.
If L′ is large enough to assure that the modes inside the new box
are uncorrelated, we can measure in principle the clustering from
a new effective fundamental wavenumber k′f = 2pi/L′ up to a new
effective Nyquist frequency, given by k′Ny = piNg/L′. For instance,
by folding the box 4 times, we will get to Nyquist frequency 4 times
higher.
In Fig. A3 we apply this technique to our 512h−1Mpc
simulation, folding the particles up to 6 times, and reaching a
kNy ≈ 2hMpc−1 with a 643 and a 1283 grid for the power spec-
trum and the bispectrum, respectively. Even using a TSC scheme
on interlaced grids, we note that it is safer to use the measurements
up to k = k′Ny/2 in the bispectrum. Also, the measurement of the
largest modes of the folded box are noisy because they are sparsely
Figure A3. Left panels: Matter power spectrum measured in a 643 (inter-
laced) mesh, folding the box up to 6 times, following the technique explained
in the text (coloured dots). For comparison, the matter power spectrummea-
sured with a 6963 mesh and not folding the box is plotted as a black solid
lines. The equivalent Nyquist frequencies for each folded box is plotted as
a solid line. In the bottom panel, we display the ratio between the power
spectrum measure with a 643 and a 6963 mesh. Right panels: Similarly to
the left panels, we display the measured bispectra using a 1283 mesh and
the folding of the box, and compare with a not-folded 6963 mesh.
Figure A4. Left panels: Ratio of baryonified and GrO matter power spectra
S(k), measured in a 643 (interlaced) mesh, folding the particles up to 6
times, following the technique explained in the text (coloured dots). For
comparison, the measurements with a 6963 mesh is plotted as a black solid
lines. The equivalent Nyquist frequencies for each folded box is plotted as
a coloured solid line. In the bottom panel, we display the difference of the
ratios ∆S(k) measured with a 643 and a 6963 mesh. Right panels: Similar
to the left panels, but displaying the matter bispectrum instead of the power
spectrum.
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sampled; for this reason, it is convenient to discard these modes,
taking for instance wavenumbers k > 10k′f .
Using these precautions, we show in Fig. A4 that using this
technique we can achieve an accuracy well within 1% in the estima-
tion of the ratios, using a small fraction 1−10% of the computational
resources. Although it is common to use the folding technique to
compute power spectra, to our knowledge, this is the first time it has
been shown to be accurate for bispectrum measurements.
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